Adequate calcium intake during pregnancy is important in the prevention of pre-eclampsia. A substantial proportion of pregnant women do not meet the recommended daily calcium intake, even in developed countries. Nonetheless, calcium supplementation is not routinely advised to pregnant women in most countries. We aimed to predict the impact of advising pregnant women to use calcium supplements (1,000 mg/day) on the number of cases of pre-eclampsia prevented and related health care costs. By use of a decision-analytic model, we assessed the expected impact of advising calcium supplementation to either (1) all pregnant women, (2) women at high risk of developing pre-eclampsia, or (3) women with a low dietary calcium intake compared with current care. Calculations were performed for a hypothetical cohort of 100,000 pregnant women living in a high-income country, although input parameters of the model can be adjusted so as to fit other settings. The incidence of pre-eclampsia could be reduced by 25%, 8%, or 13% when advising calcium supplementation to all pregnant women, women at high risk of pre-eclampsia, or women with a low dietary calcium intake, respectively. Expected net financial benefits of the three scenarios were of €4,621,465, €2,059,165, or €2,822,115 per 100,000 pregnant women, respectively. Advising pregnant women to use calcium supplements can be expected to cause substantial reductions in the incidence of pre-eclampsia as well as related health care costs. It appears most efficient to advise calcium supplementation to all pregnant women, not subgroups only.
| INTRODUCTION
Calcium supplementation is a promising intervention for the prevention of pre-eclampsia (PE). A meta-analysis of 13 randomized controlled trials comprising 15,730 pregnant women, showed an overall reduction of 55% in the risk of PE among women receiving calcium supplements (>1,000 mg/day) from the second half of pregnancy to delivery as compared to women receiving placebo supplements (risk ratio (RR), 0.45; 95% confidence interval (95% CI), 0.31-0.65) (Hofmeyr, Lawrie, Atallah, Duley, & Torloni, 2014) . The risk reduction was more pronounced among women with an increased risk of hypertensive disorders (RR 0.22, 95% CI 0.12-0.42, five trials) and among women with a low dietary calcium intake (mean intake <900 mg/day) (RR 0.36, eight trials) .
Calcium supplementation of 1,000 mg/day (elemental) costs about €50 per pregnancy (British National Formulary, 2016; Zorginstituut Nederland, 2016) . Side effects are uncommon and usually mild (Heaney et al., 2012; Hofmeyr et al., 2014) . Despite its documented protective effect, relative cheapness, and safety, calcium supplementation is still not part of standard antenatal care in most countries. The World Health Organization recommends calcium supplementation as part of antenatal care in populations where calcium intake is low (WHO, 2013) .
Recommended calcium intake for pregnant women varies between 900 and 1,200 mg/day, depending on the country (EFSA NDA PANEL, 2015; IOM, 2011) . Actual intake among pregnant women often does not meet the recommendation, even in countries with sufficient availability and affordability of calcium-rich foods (Merialdi et al., 2005) . For instance, in a recent Dutch pregnancy cohort study, mean maternal dietary calcium intake was 1,108 mg/ day with a standard deviation of 311 mg, indicating that more than one-third of the women had an intake below 1,000 mg/day (Heppe et al., 2013) . The contribution of calcium-containing supplement use to total daily calcium intake is low (Bailey et al., 2010; Van Rossum, Fransen, Verkaik-Kloosterman, Buurma-Rethans, & Ocké, 2011) .
Although adequate calcium intake through calcium-rich foods should be encouraged, available experimental evidence implies that calcium supplementation, either among all pregnant women or selected subgroups, could yield important health gains. Other factors, however, also contribute to the eventual success of implementing calcium supplementation in antenatal care. These include the size of the target population, the incidence of PE, the percentage of women already taking calcium supplements, and the uptake of the intervention. As to financial impact, costs of calcium supplements and savings due to prevented cases of PE should be taken into account.
The aim of this study was to predict the impact of advising pregnant women to use calcium supplements (1,000 mg/day) on the number of cases of PE prevented and related health care costs.
| MATERIALS AND METHODS

| Analytical model
We assessed the expected impact of advising calcium supplementation (1000 mg/day), from 20 weeks of pregnancy to delivery, to (1) all pregnant women, (2) women at high risk of developing PE, or (3) women with a low dietary calcium intake (<900 mg/day). We designed a simple decision-analytic model for the comparison of these three scenarios with current care (Figure 1 ) (Petrou & Gray, 2011) . The patient population was a hypothetical cohort of 100,000 pregnant women living in a high-income country such as the Netherlands. Variables used in the model were the following: size of the target population, incidence of PE, efficacy of calcium supplementation during pregnancy, estimated number of women currently using calcium supplements, expected compliance with the advice, cost of one case of PE (in-hospital costs for both mother and baby from diagnosis of PE until discharge from hospital after delivery), and cost of calcium supplements per pregnancy.
The model was developed in Microsoft Excel and is available as supplementary material.
| Data sources
We obtained base-case values and reported ranges of the relevant input parameters from published literature and government reports.
Where no specific evidence was available, we employed conservative estimates based on related information from the literature or input from clinical experts.
The eligible population modeled reflects the Dutch pregnant population. No data source was available for the number of women at high risk of developing PE, as this is also dependent on the definition of high risk. We made a conservative estimate based on interviews with Dutch obstetricians. The number of pregnant women with a low dietary calcium intake was estimated on data from a Dutch birth cohort study and data from the Dutch National Food Consumption Survey among women of reproductive age (Heppe et al., 2013; Van Rossum et al., 2011) . The incidence of PE was obtained from a nationwide Dutch cohort study, as the Dutch perinatal registry (Perined) has no reliable data about the exact incidence of PE (Von Schmidt auf Altenstadt, Hukkelhoven, van Roosmalen, & Bloemenkamp, 2013) . PE incidence data among women at high risk of developing PE and women with low dietary calcium intake were acquired from international literature studies (Duley, Henderson-Smart, Meher, & King, 2007; Hofmeyr et al., 2014; Meads et al., 2008) . The effect sizes of calcium supplementation in the prevention of PE in the different target populations were obtained from the most recently published systematic review (Hofmeyr et al., 2014) . The number of pregnant women currently using calcium supplements during pregnancy was estimated on the basis of data from the Dutch National Food Consumption Survey among women of reproductive age, survey among pregnant women in Australia, and interviews with Dutch obstetricians (Forster, Wills, Denning, & Bolger, 2009; Van Rossum et al., 2011) . No data source was available on the uptake of the advice to use calcium supplements during pregnancy as this is no recommendation yet in Dutch obstetric care. We made a conservative estimate based on Dutch data about the use of folic acid supplementation during pregnancy (Sikkens, van Eijsden, Bonsel, & Cornel, 2011; Woude, Walle, & Berg, 2012) .
For calculating the financial impact outcomes, in-hospital cost of one case of PE was derived from a review containing an economic evaluation of tests and treatments on PE (Meads et al., 2008) . Cost of calcium supplements per pregnancy was obtained from Care Institute Netherlands which calculates drug costs based on the actual Pharmacy Purchase Price (Zorginstituut Nederland, 2016) .
The values and sources of all clinical and financial input parameters are summarized in Table 1 .
| Outcome measures
With the model, we calculated the changes in health outcomes between the new scenarios and current care in terms of absolute reduction, relative reduction, and number needed to advise. The absolute reduction was defined as the difference in the number of cases of PE between the new scenario and current care, and relative reduction as the percentage difference in incidence of PE between the new scenario and current care. The number needed to advise was calculated as the average number of pregnant women that need
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to be advised to use calcium supplements in the new scenario to prevent one case of PE compared with current care.
The financial impact of prevented cases of PE in the new scenario compared to current care was calculated by multiplying the absolute reduction by unit cost of one case of PE. The extra cost of calcium supplements was defined as the additional cost of calcium supplements in the new scenario compared to current care. The net financial impact was calculated from a public payer's perspective by subtracting extra cost of calcium supplements from the financial impact of prevented cases of PE. Financial quantities were expressed in euros (€). No discounting was applied to either costs or clinical outcomes. Time horizon, in line with the timing used in the meta-analysis, spanned the 20th weeks of pregnancy until discharge of mother or child from hospital after delivery (Hofmeyr et al., 2014) .
| Sensitivity analysis
One-way sensitivity analyses were performed for each scenario to evaluate the impact of variations of values of model input parameters on the absolute reduction and net financial impact. Input parameters were varied one at a time within a plausible range around the basecase value based on literature review or realistic assumptions. Ranges used for the sensitivity analyses are presented in Table 1 . The results of the sensitivity analyses were plotted in tornado diagrams using R version 3.2.3. Table 2 presents the expected number of PE prevented and related health care costs for the three scenarios compared to current care in a hypothetical cohort of 100,000 pregnant women.
In current care, PE complicates 3% of all pregnancies (3,000/100,000). The base-case analysis indicated that if calcium supplementation is advised to all pregnant women (n = 100,000) (scenario 1), 763 cases of PE will be prevented (i.e., relative reduction of 25%). The estimated net financial benefit (savings minus costs of calcium supplements) was €4,621,465 per 100,000 pregnant women.
If calcium supplementation is advised to subpopulations of pregnant women at high risk of PE (scenario 2) or pregnant women with a low dietary calcium intake (scenario 3), an estimated 254 and 376 cases of PE will be prevented, respectively, and estimated net benefits amount to €2,059,165 and €2,822,115. The numbers needed to advise is lowest in scenario 2 and highest in scenario 1.
One-way sensitivity analyses performed for the different scenarios are illustrated in Figure 2 
| Main findings
The results of our decision analysis indicate that advising calcium supplementation to all pregnant women, pregnant women at high risk of PE, or pregnant women with a low dietary calcium intake can be expected to reduce the incidence of PE by 25%, 8%, or 13%, respectively. Expected net financial benefits are €4,621,465, €2,059,165, or FIGURE 1 Decision tree comparing current care with advising calcium supplementation (1,000 mg/day) to different scenarios in the prevention of pre-eclampsia. PE = pre-eclampsia. Legend: The decision tree illustrates the comparison of current care with advising calcium supplementation (1,000 mg/day) to (1) all pregnant women, (2) women at high risk of developing pre-eclampsia, or (3) women with a low dietary intake (<900 mg/ day) in the prevention of pre-eclampsia €2,822,115 per 100,000 pregnant women. Although clinical and financial benefits may vary with varying parameter estimates, it is implausible that effects will be reversed.
| Strengths and limitations
Translation of efficacious preventive interventions to clinical practice remains a challenge (Glasgow, Lichtenstein, & Marcus, 2003) . Random- We recognize that although we have used the best evidence for obtaining accurate input values, our analysis is limited by the availability and quality of existing evidence. We derived the effect Subgroup pregnant women at high risk of developing preeclampsia
• Pregnant women at high risk of developing pre-eclampsia (% of total pregnant women) 10 5 15 Assumption based on expert interviews.
• Incidence pre-eclampsia among pregnant women at high risk of developing pre-eclampsia (%) et al., 2007 and Meads et al., 2008 .
• Risk ratio of pre-eclampsia for calcium supplementation versus no calcium supplementation among pregnant women at high risk of developing pre-eclampsia 0.22 0.12 0.42 Hofmeyr et al., 2014 .
• Current use of calcium supplements among pregnant women at high risk of developing pre-eclampsia (%) • Users of calcium supplements after implementing the advice among pregnant women at high risk of developing pre-eclampsia (%) • Incidence pre-eclampsia among pregnant women with a low dietary calcium intake (%) 5.5 4 7 Hofmeyr et al., 2014.
• Risk ratio of pre-eclampsia for calcium supplementation versus no calcium supplementation among pregnant women with a low dietary calcium intake 0.36 0.20 0.65 Hofmeyr et al., 2014 .
• Current use calcium supplements among pregnant women with a low dietary calcium intake (%) 10 5 20 Assumption based on expert interviews, Forster et al., 2009 and Van Rossum et al., 2011 .
• Users of calcium supplements after implementing the advice among pregnant women with a low dietary calcium intake (%) 50 25 75 Assumption based on Sikkens et al., 2011 and Woude et al., 2012 .
Costs
• In-hospital cost of one case of pre-eclampsia €9,000 €6,000 €12,000 Meads et al., 2008 .
• Cost of calcium supplements per pregnancy €50 €35 €65 Zorginstituut Nederland, 2016. estimate of calcium supplementation from a high GRADE systematic review (Hofmeyr et al., 2014) . As the authors of that review noted, overall effects may be overestimated due to stronger effects found in smaller studies (which predominantly included high-risk women), or publication bias. Also, different effects of calcium supplementation may be expected across populations with different baseline levels of calcium intake. However, as evidenced by our sensitivity analysis, even more modest effects can be expected to yield considerably favorable effects on population health as well as economic outcomes.
For the few parameters for which no evidence was available, we attempted to take account for the uncertainty by staying conservative when determining the base-case values, so as not to obtain overoptimistic results. We also performed sensitivity analyses, the results of which did not reveal a dependency of the conclusions on variation of the input values within all plausible ranges.
We did not take into account investments for implementation of the intervention. Therefore, the expenditure is expected to be higher depending on the extent of the efforts, particularly in the first years of implementation. On the other hand, we also did not consider longterm costs for mother and child due to PE (e.g., costs related to neurodevelopmental impairment of children born preterm or to cardiovascular disease in the mother), as these are problematic to quantify (Mol et al., 2015; Petrou, Eddama, & Mangham, 2011; Platt, 2014) .
Including these costs would have made the economic benefits of the intervention more favorable.
Our cost calculations were made from a public payer's perspective, implying that we assumed that women prepared to use calcium supplements would receive a prescription from their health care provider.
Assuming that pregnant women would have to pay for calcium supplements themselves would, with equal uptake, lead to higher benefits from the perspective of the public payer. For the estimation of the expected uptake of the calcium advice, we made use of the rate of folic acid use in the periconceptional period in the Netherlands, which intervention is currently not financially reimbursed by health insurance companies. As prescription and reimbursement is expected to improve uptake rates, and higher uptake will lead to higher economic and health benefits (see Figure 2) , our results probably give a conservative picture of expected effects.
| Interpretation
Our results provide support for the idea that advising the use of calcium supplements to pregnant women can bring about important health effects on population level. Besides, it can reduce health care costs.
We calculated the expected impact from a high-income perspective, using values specific for the Dutch situation. Comparable results can be expected for other high-income countries. In low-income countries, particularly those in which inadequate dietary calcium intake is more prevalent or baseline risk of PE is higher, health and economic effects may be more favorable (Khan, Wojdyla, Say, Gulmezoglu, & Van Look, 2006; Merialdi et al., 2005; Saleem et al., 2014) . Our model can be used for the calculation of country-specific effects by making use of local point estimates and plausible ranges.
Reaching an adequate calcium intake through calcium-rich foods should be primarily encouraged. However, women may not be prepared to consume the daily amount of foods necessary to reach an adequate intake. For example, to take in 1,000 mg of elementary calcium by milk only, at least four glasses (200 mL each) have to be consumed. Trials of behavioral interventions to increase maternal dietary calcium intake have shown mixed results (Jung, Stork, Stapleton, Bourne, & Martin Ginis, 2014) .
In view of our results, it seems efficient to advise using calcium supplements to all pregnant women. Women who are not part of defined subgroups then can also profit from the intervention, and no individual dietary calcium intake or risk of PE has to be estimated.
Although the number needed to advise is higher in the overall pregnant population as compared to subgroups, this seems acceptable as (1) all pregnant women (n = 100,000) (2) pregnant women at high risk of pre-eclampsia (n = 10,000) (3) pregnant women with a low dietary calcium intake (n = 25,000)
Cohort
Number of pregnant women (n) 100,000 100,000 100,000 100,000
Users of calcium supplements (n) 5,000 50,000 9,500 16,250
Cases of pre-eclampsia (n) 3,000 2 FIGURE 2 Tornado diagrams of one-way sensitivity analyses results for prevented cases of pre-eclampsia and net financial impact, per 100,000 pregnant women. Legend: The vertical line in the center of the chart represents the prevented cases of pre-eclampsia or net financial impact for the base-case values. The bars show the variation of input parameters within plausible ranges calcium supplementation is a non-invasive, well tolerated, and-provided that it is used prudently-safe intervention. Recent studies among the elderly have raised concerns that high-dose calcium supplementation might increase the risk of cardiovascular disease (Bolland, Grey, Avenell, Gamble, & Reid, 2011; Bolland et al., 2010; Lewis et al., 2015) . Available evidence remains, however, inconclusive. Moreover, most pregnant women will stop using the supplements after delivery and therefore use it for only a short period of time.
The specific dose of supplemental calcium needed to reduce the risk of PE is unknown and probably dependent on the dietary intake of calcium. Low-dose calcium supplementation (<1 g/day) has shown a reduction in the risk of PE in some studies, but evidence is limited and more high-quality trials are needed (Hofmeyr et al., 2014) . Until more evidence is available, supplementation of 1000 mg/day is recommendable, keeping an eye on the upper level of 2,500 mg/day (EFSA NDA PANEL, 2015; Hofmeyr et al., 2014; IOM, 2011; WHO, 2013) . Effects of calcium supplementation could be further enhanced if combined with vitamin D, as calcium absorption occurs principally via an active transcellular vitamin D-dependent process (Fleet & Schoch, 2010; Heaney, 2008) .
Although our results indicate that favorable economic and health effects can be obtained even with suboptimal uptake of the intervention, a challenge remains to effectively implement the intervention in health care practice (Martin, Seim, Wawire, Chapleau, & Young, 2017; Omotayo et al., 2016) . Implementation efforts require that attention be paid to accessibility, affordability, acceptability, and adherence to the intervention from a patient's, care providers' , and organizational point of view. Implementation strategies for low-income countries have major challenges compared to high-income countries, such as limited accessibility to antenatal care and economic issues (Firoz, Sanghvi, Merialdi, & von Dadelszen, 2011; Von Dadelszen et al., 2012) .
Facilitators for the implementation of calcium supplementation are good tolerance, absence of adverse effects, and the expectation that it can be implemented by different health care providers with moderate levels of training and expertise (Heaney et al., 2012; Hofmeyr et al., 2014) . Uncertain but important factors are the extent to which antenatal care providers are effective in changing pregnant women's behavior, and whether or not calcium supplements are covered by health insurers. Research is needed on facilitators and barriers in the implementation of calcium supplementation among pregnant women.
| CONCLUSION
In conclusion, our results indicate that advising calcium supplements to pregnant women can be expected to cause substantial reductions in the incidence of PE as well as related health care costs. The largest impact is expected from calcium supplementation advice to all pregnant women, not subgroups only.
